Endocannabinoids (eCBs) are ubiquitous retrograde signaling molecules in the nervous system that are recruited in response to robust neuronal activity or the activation of postsynaptic G-protein-coupled receptors. Physiologically, eCBs have been implicated as important mediators of the stress axis and they may contribute to the rapid feedback inhibition of the hypothalamic-pituitary-adrenal axis (HPA) by circulating corticosteroids (CORTs). Understanding the relationship between stress and eCBs, however, is complicated by observations that eCB signaling is itself sensitive to stress. The mechanisms that link stress to changes in synaptic eCB signaling and the impact of these changes on CORT-mediated negative feedback have not been resolved. Here, we show that repetitive immobilization stress, in juvenile male rats, causes a functional downregulation of CB 1 receptors in the paraventricular nucleus of the hypothalamus (PVN). This loss of CB 1 receptor signaling, which requires the activation of genomic glucocorticoid receptors, impairs both activity and receptordependent eCB signaling at GABA and glutamate synapses on parvocellular neuroendocrine cells in PVN. Our results provide a plausible mechanism for how stress can lead to alterations in CORT-mediated negative feedback and may contribute to the development of plasticity of HPA responses.
Introduction
An acute and adaptive endocrine response to stress, through comprehensive actions of glucocorticoids (GCs), is necessary for survival and, accordingly, is widely conserved across all mammalian species (Pecoraro et al., 2006; Ulrich-Lai and Herman, 2009 ). The cessation of this response depends, in part, on the central actions of circulating corticosteroids (CORTs) at brain structures such as the hippocampus (Sapolsky et al., 1990; De Kloet et al., 1998) , limbic forebrain (Furay et al., 2008) , and the hypothalamus (Keller-Wood and Dallman, 1984) . Although the negative feedback at higher brain centers is significant, it appears that direct CORT actions on parvocellular neuroendocrine cells (PNCs) in the paraventricular nucleus of the hypothalamus (PVN) may be important for both rapid and sustained termination of the hypothalamic-pituitary-adrenal axis (HPA) response to stress (Dallman, 2005) . This feedback, however, may be plastic. For example, robust negative feedback in adult animals remains intact during habituation to predictable stressors (Cole et al., 2000) . In contrast, adolescents remain vulnerable to repeated stress (Romeo et al., 2006) , which may reflect impaired negative feedback.
In PNCs, the suppression of synaptic glutamate release through the CORT-mediated production of endocannabinoids (eCBs) (Di et al., 2003) may contribute to this rapid negative feedback. eCBs, in effect, are adaptive signals, and the output and plasticity of the HPA in response to stress are highly sensitive to manipulations that affect eCB signaling (Steiner and Wotjak, 2008) . Since chronic stress paradigms have profound effects on eCB signaling in other brain regions including the hippocampus (Hill et al., 2009) , amygdala (Patel et al., 2009) , and the striatum (Rossi et al., 2008) , we hypothesized that repetitive stress would impact eCB signaling in the PVN and, as a consequence, alter CORT-mediated negative feedback at the level of PNCs.
To examine the effects of repetitive stress on the adaptive nature of eCB signaling, we used an electrophysiological approach in brain slices prepared from adolescent [postnatal day 21 (P21) to P30] rats. We induced eCB production by depolarizing the postsynaptic neuron and examined the effects of this protocol on either glutamate or GABA inputs (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) . This approach provides a real-time readout of eCB actions directly at the synaptic CB 1 receptors (Regehr et al., 2009) . Despite anatomical evidence (Wittmann et al., 2007) , the presence of functional eCB signaling at GABA synapses onto PNCs has been overlooked. Since stress induces a collapse of the chloride ion gradient, rendering GABA either ineffective or excitatory (Hewitt et al., 2009) , we reasoned that impairments of eCB signaling at either glutamate or GABA synapses would be consistent with increased excitability in this system. Here, we show that CB 1 receptors are compromised after 5 d of repetitive nonhabituating immobilization stress. This results in loss of activity-dependent synaptic inhibition. Finally, inhibition of glutamate release by activation of membrane-bound CORT receptors is also compromised, indicating this mechanism may contribute to HPA escape from inhibition during specific repetitive stress conditions.
Materials and Methods
Animals and immobilization stress paradigm. Experiments were performed using male Sprague Dawley rats (postnatal days 21-30). All protocols received approval from the University of Calgary Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care. For stress experiments, rats were confined within a Plexiglas cylinder in which they were cervically immobilized to restrict movement for 30 min. Immobilization was initiated at 9:00 A.M. during the light phase for either 1 or 3-10 consecutive days. In some cases, rats were injected intraperitoneally with mifepristone (25 mg/kg body weight; Sigma-Aldrich) dissolved in 100 l of DMSO, or DMSO vehicle alone, 10 min before immobilization. Immediately after the last immobilization, rats were anesthetized for slice preparation.
Slice preparation. Experimental animals were anesthetized with sodium pentobarbital (30 -50 mg/kg) and decapitated. Coronal brain slices (300 m) containing the PVN of the hypothalamus were obtained using a vibrating slicer (Leica) while submerged in ice-cold oxygenated slicing solution, consisting of the following (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 25 NaHCO 3 , 25 D-glucose, 1.25 NaH 2 PO 4 , and 75 sucrose. Slices were incubated at 32.5°C for a minimum of 60 min in artificial CSF (aCSF) containing the following (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO 3 , 2.5 CaCl 2 , 1.5 MgCl 2 , 1.25 NaH 2 PO 4 , 10 glucose; saturated with 95% O 2 /5% CO 2 . The preparation of coronal slices from the hippocampus was performed identically to the above description.
Electrophysiology. Hypothalamic slices were transferred to a recording chamber and superfused with 30 -32°C aCSF at a flow rate of 1-2 ml/ min. Slices were visualized using an Olympus BX51WI upright microscope fitted with differential interference contrast optics (Olympus Optical). Whole-cell patch-clamp recordings were obtained from PVN neurons using borosilicate glass microelectrodes with tip resistance between 3 and 7 M⍀. The normal intracellular solution contained the following (in mM): 108 K-gluconate, 2 MgCl 2 , 8 Na-gluconate, 8 KCl, 1 K 2 -EGTA, 4 K 2 -ATP, and 0.3 Na 3 -GTP buffered with 10 mM HEPES. In some experiments, BAPTA (10 mM; Sigma-Aldrich) was included in the intracellular solution to buffer postsynaptic calcium changes. For experiments assessing the fast effects of dexamethasone, intracellular concentration of K 2 -EGTA was reduced to 0.1 mM.
PNCs were identified by their morphology and distinguished from magnocellular and autonomic PVN neurons using electrophysiological characteristics in current-clamp mode (Luther et al., 2002) . Recordings were amplified using a Multiclamp 700A amplifier (Molecular Devices), low-pass filtered at 1 kHz, and digitized at 10 kHz using the Digidata 1322A (Molecular Devices).
Postsynaptic currents (PSCs) recorded in voltage-clamp mode were evoked using a small diameter (1 m) aCSF-filled glass electrode placed in the neuropil surrounding the cell, to the periventricular aspect (see Fig. 1a ). Inhibitory ionotropic GABA A receptor evoked IPSCs (eIPSCs) were isolated by blocking AMPA-and kainate receptor-mediated glutamatergic synaptic transmission with 6,7-dinitroquinoxaline-2,3-dione (DNQX) (10 M; Tocris). Conversely, excitatory fast ionotropic AMPA receptor-mediated currents [evoked EPSCs (eEPSCs)] were isolated by addition of picrotoxin (100 M; Sigma-Aldrich) to block GABA A receptors. Miniature EPSCs (mEPSCs) were recorded in the presence of tetrodotoxin (1 M). During experiments, access resistance was monitored, and recordings in which access changes did not exceed 15% were accepted.
Data analysis. Data were recorded (pClamp 9.2; Molecular Devices) and stored on computer for off-line analysis. Synaptic currents were evoked by paired stimulation (at 20 Hz, every 5 s) and were analyzed using Clampfit 9.2 (Molecular Devices). Evoked PSC (ePSC) amplitudes were calculated from the baseline (current before the first evoked response) to peak of each evoked response. Mean ePSC amplitudes (in 1 min epochs) were compared by expressing current amplitudes as a percentage of the current amplitudes obtained during the baseline recording period within each cell. Paired-pulse ratio (PPR) was calculated using the ratio of the evoked pair amplitudes (peak 2/peak 1) from 1 min epochs and expressed as percentage of PPR from baseline recording period within each cell. Cells from each group were collected from a minimum of two animals for pharmacology experiments, or a minimum of four for stress experiments. Data points are presented as mean Ϯ SEM. Maximal depolarization-induced suppression of inhibition/excitation (DSI/E) expression within groups was assessed using a one-sample t test, whereas different groups were compared using ANOVA with a post hoc NewmanKeuls test (if overall p Ͻ 0.05) or Student's t test (for two groups or paired data). Statistical significance of t test or post hoc comparison is indicated as follows: *p Ͻ 0.05, **p Ͻ 0.01, or ***p Ͻ 0.001. Spontaneous currents (sIPSCs and sEPSCs) and miniature currents (mEPSCs; recorded in 1 M tetrodotoxin) representing stochastic transmitter release were analyzed using MiniAnalysis 6.0.3 (Synaptosoft). Event detection was set at three times the baseline noise and confirmed as synaptic events by eye. Running averages of frequency and amplitude were generated using 10 s bins.
Drugs. Drugs were dissolved into aCSF daily before experiments from frozen aliquots stored at Ϫ20°C and added to the bath by perfusion pump. Water-soluble dexamethasone (DEX) and tetrodotoxin (TTX) were prepared in distilled water; all others were dissolved in DMSO. DNQX, 
, and (R)-baclofen were obtained from Tocris Bioscience. Picrotoxin, nifedipine, ( R)-(ϩ)- [2,3-dihydro-5-methyl-3[(4-morpholinyl) , corticosterone, and 11␤-(4-dimethylamino) phenyl-17␤-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (RU-486) were obtained from Sigma-Aldrich. TTX was obtained from Alomone Labs.
Results

Activity-dependent eCB signaling at GABA synapses on PNCs
In numerous brain regions, DSI and DSE serve as reliable, real-time assays of activity-dependent eCB production (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001 ). Surprisingly, neither DSI nor DSE has been characterized in PNCs. To determine whether PNCs exhibit DSI, we assessed the effects of depolarizing the postsynaptic neuron from a holding potential of Ϫ70 to ϩ20 mV (5 s) on eIPSCs ( Fig. 1b ) (Llano et al., 1991; Pitler and Alger, 1994) . This protocol elicited a transient, robust and repeatable decrease in evoked inhibitory current amplitude (eIPSC, 58.2 Ϯ 7.5% of baseline; p Ͻ 0.001; n ϭ 18) (Fig. 1c) . Consistent with previous reports from other brain regions, we found an accompanying decrease in the frequency of sIPSCs (55.2 Ϯ 4.9% of baseline; p Ͻ 0.001; n ϭ 18) ( Fig. 1d ) but no changes in sIPSC amplitude (97.7 Ϯ 5.1% of baseline; p Ͼ 0.05; n ϭ 18). Thus, depolarization of the postsynaptic neuron causes a transient decrease in the probability of GABA release from presynaptic terminals.
To verify that the DSI reported here is mediated by eCBs, we repeated the depolarizing protocols in the presence of the selective CB 1 receptor antagonist, AM251 (5 M). Under these conditions, DSI was completely abolished (eIPSC, 99.5 Ϯ 4.3% of baseline, p Ͼ 0.05, n ϭ 6; p Ͻ 0.01 vs naive) (Fig. 1e ), indicating that CB 1 receptors are necessary for the short-term synaptic depression. To determine whether activity-dependent production of eCBs also requires a rise in postsynaptic calcium, we conducted experiments in which we included the calcium chelator BAPTA (10 mM) in the patch pipette. In these recordings, postsynaptic depolarization had no effect on eIPSC amplitude (103.4 Ϯ 5.4% of baseline, p Ͼ 0.05, n ϭ 5; p Ͻ 0.01 vs naive). Next, we tested whether L-type voltage-gated calcium channels contribute to the production of eCBs. Application of the L-type calcium channel antagonist, nifedipine (10 M), before depolarizing the postsynaptic membrane significantly, but incompletely, attenuated expression of DSI (eIPSC, 88.1 Ϯ 4.6% of baseline, p Ͻ 0.05, n ϭ 5; p Ͻ 0.05 vs naive). Importantly, nifedipine had no effect on basal synaptic transmission, indicating that L-type calcium channels do not participate in neurotransmitter release onto PNCs. Together, these observations are consistent with the hypothesis that the opening of voltage-gated L-type calcium channels and the accompanying rise in postsynaptic calcium are necessary for the suppression of GABA transmission by eCBs in response to postsynaptic depolarization.
Loss of eCB-mediated synaptic inhibition at GABA synapses after repeated immobilization stress HPA responses exhibit remarkable plasticity in response to chronic homotypic and heterotypic stress paradigms (Pecoraro et al., 2006) . Although these may result from changes in eCB signaling at higher brain centers, the importance of eCBs in directly affecting synaptic function in the PVN (Di et al., 2003) led us to investigate the effects of stress on retrograde eCB signaling in PNCs. We conducted experiments in which animals were subjected to either 1, 3, or 5 d of 30 min immobilization stress. This homotypic stress paradigm, which causes robust corticotropinreleasing hormone (CRH), ACTH, and CORT production, fails to habituate with repetition in adolescent rats (Romeo et al., 2006) . This is in contrast to demonstrated habituation in adults (Grissom and Bhatnagar, 2009) . ELISA measurement of blood CORT levels at 30 min showed similar levels of stress hormone in rats stressed for the first or fifth time (data not shown). A single episode of immobilization stress had no effect on DSI (eIPSC: 56.9 Ϯ 7.5% of baseline, p Ͻ 0.01, n ϭ 8; p Ͼ 0.05 vs naive) (Fig.  2c) . After 3 d of immobilization stress, there was a trend toward reduced eCB signaling, although this was not significantly different from naive animals (eIPSC, 72.6 Ϯ 4.3% of baseline, p Ͻ 0.01, n ϭ 9; p ϭ 0.079 vs naive). After 5 d of repeated immobilization stress, however, we observed an attenuation of DSI (eIPSC, 89.7 Ϯ 2.5% of baseline, p Ͻ 0.05, n ϭ 10; p Ͻ 0.05 vs naive DSI) (Fig. 2a-c) .
Although 5 d of immobilization stress significantly reduced the expression of DSI in comparison with naive animals, it did not abolish DSI completely ( p Ͻ 0.01 vs baseline). Consequently, we performed additional experiments on animals stressed for 10 d. In these animals, DSI was significantly reduced compared with naive animals (eIPSC, 95.3 Ϯ 4.1% of baseline, n ϭ 9; p Ͻ 0.01 vs naive) (Fig. 2c) . There was no reduction in eIPSC amplitude compared with baseline ( p Ͼ 0.05). These observations indicate that there is a progressive loss of eCB-mediated retrograde inhibition at GABA synapses on PNCs in response to repeated exposure to a stressor.
Next, we investigated whether the loss of eCB signaling at GABA synapses after repetitive immobilization stress was reversible by allowing animals to recover for various time periods after 5 d stress. One day of recovery had no effect on DSI when compared with 5 d stress animals (eIPSC, 84.6 Ϯ 5.5% of baseline, p Ͻ 0.05, n ϭ 8; NS vs 5 d stress) (Fig. 3c) . After 3 d of recovery, however, DSI was observed at a level that was similar to that reported above in naive animals (eIPSC, 58.7 Ϯ 10.0% of baseline, p Ͻ 0.01, n ϭ 7; p Ͻ 0.05 vs 5 d stress) (Fig. 3a-c) .
Genomic GC receptors are necessary for repeated stress-induced loss of eCB signaling CORT acts on putative membranebound GC receptors in PVN to produce eCBs (Di et al., 2003) . This raises the possibility that stress-induced increases in circulating CORT may cause agonistinduced downregulation of CB 1 receptors. To directly examine these nongenomic effects of CORT in extinguishing retrograde signaling, we incubated hypothalamic slices for either 1 or 3 h in aCSF containing 100 nM CORT (Fig. 4a-c) . In contrast to repeated stress, 1 h incubation in CORT enhanced, rather than inhibited, DSI (eIPSC, 28.8 Ϯ 5.3% of baseline, p Ͻ 0.001, n ϭ 7; p Ͻ 0.05 vs naive) (Fig. 4c) , whereas 3 h incubation in CORT had no effect on DSI (eIPSC, 46.8 Ϯ 6.2% of baseline; p Ͻ 0.001; n ϭ 8).
CORT actions at the genomic GC receptor may contribute to reduced CB 1 receptor expression or function (Rossi et al., 2008) . To test this hypothesis, animals were injected either with the GC receptor antagonist, RU-486 (25 mg/kg body weight, i.p.), or vehicle (DMSO) 10 min before each of the five immobilization episodes. Pretreatment with RU-486 preserved DSI, revealing a level of synaptic inhibition that was comparable with that observed in naive animals (eIPSC, 58.6 Ϯ 4.2% of baseline, p Ͻ 0.001, n ϭ 8; p Ͻ 0.05 vs 5 d stress, vs 5 d stress plus vehicle) (Fig.  4d-f ) . In contrast, vehicle-treated, 5 d stress animals displayed a loss of DSI that was similar to nonvehicle-injected 5-d-stressed rats (eIPSC, 84.3 Ϯ 4.7% of baseline, p Ͻ 0.05, n ϭ 7; NS vs 5 d stress).
Together, these results demonstrate that CORT, through intracellular GC receptor activation, is responsible for the loss of eCB signaling after repetitive stress. 2009), suggesting similar changes may occur in the PVN. To address this question directly, we used the exogenous CB 1 receptor agonist, WIN55,212-2 (WIN) (5 M), to assay the functionality of presynaptic CB 1 receptors. In naive rats, WIN reduced eIPSC amplitude to 29.1 Ϯ 9.5% of baseline ( p Ͻ 0.001; n ϭ 6) (Fig. 5a,b) and increased the PPR to 179.0 Ϯ 25.2% of baseline (raw PPR baseline vs WIN, p Ͻ 0.05, paired t test) (Fig. 5c ), illustrating that CB 1 receptor activation decreases GABA release probability. After 5 d of immobilization stress, the effectiveness of WIN was significantly reduced; eIPSC amplitude was 81.8 Ϯ 7.0% of baseline ( p Ͼ 0.05, n ϭ 7; p Ͻ 0.01 vs naive, t test) (Fig.  5a,b) . Under these conditions, the WIN-induced change in PPR was significantly reduced compared with naive animals (108.3 Ϯ 7.0% of baseline; p Ͻ 0.05 vs naive change in PPR) (Fig. 5c ). An assay of GABA synapse sensitivity to varying concentrations of WIN shows that, although suppression of eIPSCs by lower doses (50, 500 nM) was comparable between naive and stressed rats, the responsiveness of 5 d stress rat synapses was reduced at supramaximal doses (5 M; p Ͻ 0.001, 50 M; p Ͻ 0.001, n ϭ 5 naive, n ϭ 4 stress) (Fig. 5d) These data support the hypothesis that the loss of eCB signaling after repetitive immobilization stress is attributable to a functional downregulation of presynaptic CB 1 receptors.
Chronic administration of CORT has also been reported to downregulate G␣ i␣2 -protein subunits in hypothalamic tissue (David et al., 2009 ). Since presynaptic CB 1 receptors are coupled to G␣ i signaling, we asked whether the loss of eCB signaling may reflect a general loss of G␣ i signaling. To test this hypothesis, we activated the G␣ i -coupled GABA B receptor with its exogenous ligand, baclofen (30 M). Under control conditions, baclofen depressed eIPSC amplitude (28.2 Ϯ 8.6% of baseline; p Ͻ 0.001; n ϭ 9). This inhibition was not significantly affected by 5 d immobilization stress (23.9 Ϯ 6.1% of baseline, p Ͻ 0.001, n ϭ 6; NS vs naive animals). Importantly, a significant increase in PPR was also observed (190 Ϯ 30.6% of baseline; p Ͻ 0.05). Collectively, these observations indicate that repeated stress specifically impairs CB 1 receptors at synapses onto PNCs and that alternate mechanisms that may modify release probability at GABA synapses after stress (Verkuyl et al., 2005) are unlikely to be responsible for the attenuation of CB 1 receptor signaling.
Repeated stress does not impair DSI in hippocampus
Since both chronic stress and CORT downregulate CB 1 receptors in the adult rodent hippocampus (Hill et al., 2008 (Hill et al., , 2009 ), a structure implicated in the termination of stress-initiated HPA responses (Sapolsky et al., 1989) , we investigated whether 5 d immobilization stress might also impact DSI in the hippocampus. Using the same protocol as in PNCs, we induced robust DSI in CA1 pyramidal neurons (eIPSC, 49.7 Ϯ 5.0% of baseline; p Ͻ 0.001; n ϭ 11) (Fig. 6a-c) . The magnitude of DSI in CA1 neurons, however, was unaltered by 5 d immobilization stress (50.7 Ϯ 5.6% of baseline, p Ͻ 0.001, n ϭ 10; NS vs naive). These data suggest that synapses onto PVN neurons exhibit greater sensitivity to stress-induced changes in retrograde eCB signaling than GABA synapses onto hippocampal CA1 pyramidal neurons. 
Loss of eCB-mediated inhibition of glutamate synapses after repeated immobilization stress
Since eCB signaling specifically at glutamatergic synapses has been implicated in the fast negative feedback of the HPA in response to stress (Di et al., 2003) , we also examined the effects of immobilization stress on DSE. Similar to the effect on eIPSCs, postsynaptic depolarization resulted in a robust and repeatable depression of eEPSCs (66.3 Ϯ 6.2% of baseline; p Ͻ 0.001; n ϭ 20) (Fig. 7a,b,d ). There was also a depression in the frequency, but not the amplitude of sEPSCs (frequency, 73.7 Ϯ 5.4% of baseline; p Ͻ 0.001; n ϭ 20) (Fig. 7c) , consistent with a decrease in the probability of glutamate release from the presynaptic terminal. DSE was blocked by either the CB 1 receptor antagonist AM251 (98 Ϯ 4.1% of baseline, p Ͼ 0.05, n ϭ 9; p Ͻ 0.01 vs naive) (Fig. 7d) , chelating intracellular calcium with BAPTA (101.9 Ϯ 5.6 of baseline, p Ͼ 0.05, n ϭ 6; p Ͻ 0.05 vs naive), or inhibition of L-type voltage-gated calcium channels with nifedipine (97.5 Ϯ 6.1% of baseline, p Ͼ 0.05, n ϭ 6; p Ͻ 0.01 vs naive).
Next, we investigated whether eCB signaling at glutamate synapses was sensitive to repeated immobilization stress. Consistent with the effects at GABA synapses, when animals were subjected to 1 d (eEPSC, 77.6 Ϯ 6.1% of baseline, p Ͻ 0.001, n ϭ 8; p Ͼ 0.05 vs naive) or 3 d (eEPSC, 82.1 Ϯ 7.1% of baseline; p Ͻ 0.05; n ϭ 9) (Fig. 8c) of immobilization stress DSE persisted. Although not significant, there was a trend toward reduced DSE after 3 d ( p ϭ 0.078 vs naive). After 5 d of immobilization stress, however, there was a complete loss of DSE at glutamatergic synapses (eEPSC, 102.0 Ϯ 2.8% of baseline, p Ͼ 0.05, n ϭ 10; p Ͻ 0.001 vs naive) (Fig. 8a-c) .
Since our observations at GABA synapses indicate that repeated stress causes a functional downregulation of CB 1 receptors on GABAergic terminals, we also tested whether the loss of DSE was attributable to reduced CB 1 receptor function. In naive animals, application of the CB 1 receptor agonist WIN reduced eEPSC amplitude (44.6 Ϯ 10.7% of baseline; p Ͻ 0.001; n ϭ 6) (Fig. 8d) . After 5 d of immobilization stress, the effects of WIN at glutamate synapses were significantly reduced (eEPSC, 88.3 Ϯ 6.5% of baseline amplitude, p Ͼ 0.05, n ϭ 6; p Ͻ 0.01 vs naive) (Fig. 8d) . Finally, to determine whether GC receptors were also involved in the functional downregulation of CB 1 receptors on glutamate synapses, we injected the GC receptor antagonist RU-486 before each episode of immobilization stress. Pretreatment with RU-486 prevented the loss of DSE after 5 d stress (eEPSC, 70.1 Ϯ 3.4% of baseline, p Ͻ 0.001, n ϭ 8; p Ͻ 0.05 vs 5 d stress, 5 d stress plus vehicle) (Fig. 8e,f ) , whereas DSE was abolished in vehicle-treated 5-d-stressed animals (eEPSC, 92.4 Ϯ 7.0% of baseline, p Ͼ 0.05, n ϭ 12; p Ͻ 0.01 vs 5 d stress). Collectively, these data support the hypothesis that repeated exposure to stress impairs eCB signaling at glutamate and GABA synapses. In both cases, this impairment is attributable to a GC receptor-mediated, functional downregulation of presynaptic CB 1 receptors.
Repeated stress impairs eCB signaling after activation of postsynaptic G-protein-coupled receptors
Activity is only one trigger for the production of eCBs. Activation of postsynaptic G-protein-coupled receptors (GPCRs) can also drive eCB production via G␣ q -coupled recruitment of the PLC␤ (phospholipase C␤) pathway Varma et al., 2001) . GPCR-driven eCB production exists in multiple forms in the PVN (Di et al., 2003; Oliet et al., 2007; Kuzmiski et al., 2009 ). The eCB-mediated suppression of glutamate release onto PVN neurons via the activation of membrane-bound GC receptors and a G␣ s -dependent pathway (Di et al., 2009 ) has been implicated as a possible mechanism for the fast negative feedback of the HPA in response to stress (Dallman, 2005) . Since we established above that 5 d immobilization stress downregulates presynaptic CB 1 receptors, we hypothesized that this should manifest as a loss of CORT-mediated fast feedback inhibition at glutamate synapses. Consistent with previous studies (Di et al., 2003) , application of dexamethasone (5 M) resulted in a rapid and persistent decrease in the frequency of mEPSCs (70.5 Ϯ 6.4% of baseline; p Ͻ 0.001; n ϭ 6) ( Fig. 9a-c ) but had no effect on mEPSC amplitude (data not shown). This decrease was blocked by the CB 1 receptor antagonist AM251 (5 M; 97.4 Ϯ 3.0% of baseline; p Ͼ 0.05; n ϭ 5; p Ͻ 0.01 vs naive). After 5 d stress, however, dexamethasone failed to depress the frequency of mEPSCs (104.6 Ϯ 5.3% of baseline, p Ͼ 0.05, n ϭ 8; p Ͻ 0.001 vs naive). These data support the hypothesis that rapid CORT-mediated fast feedback via eCB production is extinguished after 5 d stress.
Discussion
In this study, we demonstrate that repetitive immobilization stress results in the loss of eCB-mediated retrograde signaling in PNCs of the PVN of prepubescent rats. This plasticity, which is attributable to a CORT-mediated functional downregulation of presynaptic CB 1 receptors, provides a first demonstration that retrograde eCB signaling in the hypothalamic command neurons responsible for regulating HPA output, is labile, but reversible. This loss of CB 1 receptor function has important implications for CORT-mediated feedback inhibition of the HPA.
Previous reports have demonstrated that eCBs, produced in response to activationofpostsynapticCORT-sensitive,membrane-bound GPCRs, depress glutamate release onto PNCs (Di et al., 2003) . We augment these findings by demonstrating that these cells also produce eCBs as a retrograde signal in response to postsynaptic depolarization. Furthermore, we demonstrate that eCBs act as retrograde messengers at both glutamate and GABA synapses onto PNCs in PVN, a finding that supports ultrastructural evidence of CB 1 immunoreactivity at both glutamateand GABA-containing terminals (Wittmann et al., 2007) . That transmission at both glutamate and GABA synapses is suppressed by PNC depolarization appears, at first, to be counterproductive in assembling an appropriate stress-induced hormonal response at the synaptic level. This, however, may not be the case as acute immobilization stress disrupts intracellular chloride homeostasis and results in conditional GABA-mediated excitations in PNCs (Hewitt et al., 2009 ). This highlights the importance of context in interpreting the role of eCB signaling. Under a condition in which both GABA and glutamate are excitatory, activitydependent suppression of both glutamatergic and GABAergic synapses may represent a critical mechanism for curtailing HPA output after stress exposure. One unexpected observation that provides additional support for eCBs in mediating feedback inhibition is the acute enhancement of DSI by in vitro 1 h incubation with CORT. This would curtail GABAdriven excitations and quench HPA activity. Previous work, using GC receptor ligands, has failed to demonstrate rapid eCB production at GABA synapses in these cells (Verkuyl et al., 2005) . A likely interpretation of these observations is that membrane-bound GC receptors are distributed primarily at glutamate synapses. Since GABA and glutamate synapses are intermingled on PNCs (Decavel and van den Pol, 1992) , this indicates that rapid GC-mediated production of eCBs exhibits spatial precision. It is also plausible that enhancement of DSI by CORT after 1 h of exposure represents a priming of eCB signaling through the membrane-bound CORT GPCR. Together, these findings support the hypothesis that the "outcome" of functional loss of signaling at the CB 1 receptor after repeated stress would be to impair the ability of PNCs to dampen their own activity by removing retrograde inhibition.
From a mechanistic standpoint, our results demonstrate that CORT is necessary for the loss of eCB signaling after repetitive stress but argues against a role for agonist-induced desensitization of the CB 1 receptor or a direct interaction between membrane-bound GC and CB 1 receptors. Instead, our results point to a role for intracellular GC receptor activation and a genomic signaling cascade leading to the loss of responsive synaptic CB 1 receptors in neurons that synapse onto PNCs. Previous studies have demonstrated that chronic administration of CB receptor agonists can downregulate CB 1 receptor density (Breivogel et al., 1999) and that activity-dependent eCB-mediated suppression of inhibition in the hippocampus is abolished by administration of THC (⌬9-tetrahydrocannabinol) (Mato et al., 2004) . Since CORT drives eCB production in PNCs (Di et al., 2003) , repetitive stress, in which circulating CORT is elevated daily, could lead to agonist-induced desensitization of CB 1 receptors. Although agonist-dependent receptor downregulation is possible, our data argue that the most plausible scenario is via CORT altering the transcription of the CB 1 receptor itself (Mailleux and Vanderhaeghen, 1993) , or some component that maintains CB 1 receptors at presynaptic terminals. This idea is supported by the observation that the GC receptor antagonist RU-486 does not inhibit the putative membrane-associated GC receptor responsible for the production of eCBs that is proposed as a mechanism for fast negative-feedback regulation of the HPA (Di et al., 2003) . Previous studies indicate that chronic psychosocial stress exposure in adult mice similarly results in reduced CB 1 receptor function at inhibitory synapses in the striatum through the genomic GC receptor (Rossi et al., 2008) . This reduced sensitivity to exogenous agonist may also occur at inhibitory synapses in the basolateral amygdala (BLA) after habituating homotypic restraint (Patel et al., 2009) . Although this may be taken to suggest that GC receptor activity exerts negative transcriptional control over the CB 1 receptor, generalizations about uniform effects of stress on brain eCB synaptic function might be overly simplistic. Indeed, activity-dependent eCB signaling (DSI) in the BLA is enhanced despite reduced agonist efficacy.
The presence of functional eCB signaling at large has been mechanistically implicated in the extinction of conditioned stress responses (Marsicano et al., 2002) and the habituation of HPA responses resulting from homotypic stress . Our observations are mostly consistent with this idea but also provide new perspectives. We have used a vulnerable, adolescent phenotype (P21-P30 rats), taking advantage of a specific developmental window in which the brain appears uniquely sensitive to stress (Lupien et al., 2009) . Unlike adult rodents, stress-induced increases in CORT do not display habituation in prepubescent rats and instead show heightened peak hormonal responses to subsequent stress along with enhanced CRH production in PNCs (Romeo et al., 2006) . Here, we show that a failure of hormonal adaptation to a repeated stress challenge is accompanied by loss of eCB signaling at the final common synapses of central stress circuits. Interestingly, it appears that the effects of adolescent stress extend into adulthood, resulting in increased anxiety behavior (Avital and Richter-Levin, 2005 ) and increased stress sensitivity (Isgor et al., 2004) , indicating that these augmented levels of GCs early in life may have profound consequences on the maturing limbic brain.
We conclude that repeated stress in the adolescent rat reduces the ability of PNCs to autoregulate their synapses and compromises the ability of CORT feedback to globally dampen glutamatergic drive to these cells. This might allow for tight coupling between relayed limbic synaptic input and HPA output in response to subsequent stress and reduce the ability of GCs to restrain stress-induced hormonal release. Furthermore, our study supports the idea that eCB signaling modulates stress responses and is, in turn modulated by them. Finally, we provide a potential mechanism by which plasticity of the hormonal stress response can evolve through state-dependent changes in synaptic signaling. 
